Filling of Xiangjiaba Reservoir Lake in the Southwest China triggered and reactivated numerous landslides due to water fluctuation. In order to understand the relationship between reservoirs and slope instability, a typical reservoir landslide (Dasha landslide) at the right bank of Jinsha River was selected as a case study for in-depth investigations. The detailed field investigations were carried out to identify the landslide with respect to its surroundings and to find out the slip surface. Boreholes were drilled to find out the subsurface lithology and the depth of failure of Dasha landslide. The in situ geotechnical tests were performed, and the soil samples from exposed slip surface were retrieved for geotechnical laboratory analysis. Finally, stability analysis was done using the 3D strength reduction method under different conditions of reservoir water level fluctuations and rainfall conditions. The in-depth investigations show that the Dasha landslide is a bedding rockslide which was once activated in 1986. The topography of Dasha landslide is relatively flat, while the back scarp and local terrain is relatively steep. The total volume of landslides is about 580 × 10 4 m 3 with an average thickness of 20 m. Bedrock in the landslide area is composed of Suining Formation of the Jurassic age. The main rock type is silty mudstone with sandstone, and the bedding orientation is 300~310°∠ 7~22°. The factor of safety (FOS) of Dasha landslide obtained by 3D strength reduction cannot meet the minimum safety requirement under the working condition of reservoir level fluctuation as designed, with effect of rainfall and rapid drawdown.
Introduction
Landslides are common natural hazards which include a wide range of ground movement, such as rockfalls, deep failure of slopes, and shallow debris flows, which can occur in offshore, coastal, and onshore environments. Although gravity is the primary driving force for a landslide to occur, there are other contributing factors affecting the original slope stability.
Various studies have been done on reservoir slopes; however, there are two common factors which are always taken into consideration which include the effect of reservoir water on the slope and the corresponding effect of landslide on reservoir if slope fails. Particular considerations include the following: (i) reservoir slopes are subjected to load changes as a result of inundation when the reservoir is filled and subsequently as a result of variations in lake level during operations, (ii) the reservoir impounding affects the slope material properties and generates more adverse groundwater conditions than previously existed within the slope, creating reservoir-specific changes that can lead to instability, and (iii) the reservoir can increase the probability and consequences of failure, which may include total or partial blockage of the reservoir, the possibility of damaging impulse waves which may have effects that extend beyond the reservoir [1] .
Until 1963, the reservoir landslides were not studied in depth, and the first detailed studied landslide (Vaiont landslides in Italy) became the benchmark for reservoir slopes studies. It is found that maximum large reservoir landslides are the old reactivated landslides [1] . Maximum landslides reactivate during the reservoir impoundment period or just after completion of the reservoir construction [2] .
There are several studies found on Chinese reservoir landslides with different sets of objectives and outcomes (e.g., [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] ). Various studies have been carried out in the Xiangjiaba reservoir area [14] [15] [16] and other reservoirs [17] [18] [19] [20] .
The impoundment of the Xiangjiaba reservoir is planned up to 380 m elevation in three stages. In the first stage, the reservoir filled to 354 m (October [12] [13] [14] [15] [16] 2012 ). In the second stage, the reservoir level increased to 370 m (June 26 to July 5, 2013) . In the last stage, the reservoir reached to its maximum planned level of 380 m (September [7] [8] [9] [10] [11] [12] 2013 ). Due to multiple episodes of reservoir rise and fall, the slopes were subjected to different conditions of alternate wetting and drying which may affect the stability of the slope. In addition, rainfall could also elevate the groundwater level which may create adverse effects on the stability of the slope. The current study is aimed at analyzing these impacts on the old reactivated large landslides.
Field Investigation and Landslide Descriptions
Dasha landslide is located at Dasha town, Suijiang County, at the right bank of Jinsha River about 60 km upstream of the Xiangjiaba damsite (Figures 1-3 ). In the northeast of the landslide near the Jinsha River, there is a about 260~370 m terrace, while in the southeast of the landslide there is also a flat terrace widely covered with alluvial deposits, between them there is a gully. Two bank slopes of the gully are quite different. The inclination of the bank slope with landside is low, while the river alluvial sediments terrace is very steep.
In the north of the landslide, the red-bed hills are distributed along with alluvial sediments having gentle slope. In the west of landslide, a steep slope adjoins Gaofengshi Mountains, whose height is 687 m. Bedrock in the landslide area is composed of Suining Formation of the Jurassic age, which is composed of reddish brown or purple silty mudstone with sandstone interlayer; rock orientation is 300°~310°∠ 7°~22°. These rocks are distributed in the steep slope area in the west (back edge) of the landslide and along the Jinsha River bank slope (along highway) in the north and gully bottom in the east. It is revealed through drilling that the landslide slope is composed of clay, silt with some rock fragments, and the underlying bedrock orientation is 310°∠15°. This landslide was reactivated during the rainy season in 1986, resulting in structural damages to homes and the ground surface. There is mainly a paddy field on the landslide slope; on the edge of landslide, water permeates into the gulley; on the back margin of the landslide, obvious cracks can be observed in house walls (Figure 4) . So, the rise of the ground water level as a result of rain in the landslide should be the main cause of the landslide deformation. Eliminating local terrain effect, the strike of tensional cracks is 315 to 340°, with inclination of 60 to 70°. According to the drilling data, bedrock orientation and the relationship with landslide directions of movement, landslide should be the creep deformation of the overlying loose deposits along the underlying bedrock. In the past decade, paddy field became upland dry land. During the current investigations, no groundwater infiltrated on the edge of landslide, and creep deformation of the landslide mass is not very obvious; so, the groundwater level change is the controlling factors of landslide deformation.
The overall topographic slope angle of the terrain is less than 15°; however, the head scarp and local terrain is (Figures 5 and 6 ).
In the last decade, the paddy field was transformed into dry land, the groundwater levels lowered in the landslide, and the deformation of the landslide is not very obvious, 4 Geofluids but local visible cracks in the house wall can be found ( Figure 7 ). This means that the landslide is still in the state of potential instability under the condition of the groundwater level rising or heavy rain. According to aerial photographs, houses are dense in the middle and back part of the landslide; hence, once the landslide moves perceptibly, it would create a huge loss in terms of human and property.
Geotechnical Laboratory Tests
Undisturbed soil samples taken near the slip surface were tested in the laboratory. Basic properties such as specific gravity, grain sizes, liquid limit, and plasticity index were measured. The natural density, dry density, and degree of saturation were found to be 2.233 g/cm 3 , 1.975 g/cm 3 , and 89%, respectively. The specific gravity was found to be 2.78 g/cm 3 . The liquid limit, plastic limit, and plasticity index were found to be 25.8%, 19.7%, and 6.1, respectively. These basic properties were used in preparing the remolded samples for laboratory testing as well as in numerical simulation process to set the parameters. The laboratory direct shear tests are discussed below.
3.1. Medium-Sized Saturated Reversal Direct Shear Tests on Undisturbed Samples. The undisturbed samples were soaked for more than 24 hours. The size of the samples is 20 × 20 × 15 cm. The horizontal shear rate of direct shear apparatus that was used for the tests can be controlled by regulating the motor speed, and the shear rate was 2.2 mm/min (fast shear); it could be stopped when the maximum shear displacement reaches 20 mm. The vertical loading system of direct shear apparatus was hydraulic pressure, and the pressure sensor of the apparatus has low accuracy, so the values of normal stress were acquired by vertical pressure sensor during tests.
The actual values of normal stress are 61, 110, 260, and 410 kPa, and the shear strength after the forth cycles of shearing is considered the residual strength. The displacement of one-way shear is more than 20 mm, and the cumulative displacement would be more than 80 mm after four cycles of shearing. During the first shear, all of the four samples reached the peak quickly and kept the shear stress stable. However, it was different after the two or three times of shearing, and the shear stress tends to increase. The shear stress-displacement curves at different normal stresses are shown in Figure 4 , and the first peak value of shear stress is peak strength. According to the first shear strength and the 5 Geofluids last stable strength, the relationship between shear strength and normal stress can be drawn. As shown in Figure 8 , the peak shear strength and the residual shear strength in the form of frictional angle and cohesion are 26.18°, 18.88 kPa and 21.38°, 17.95 kPa, respectively. The average moisture content of the soil samples measured from shear surface after opening of the shear box is 17.0%.
Medium-Size Direct Shear Test on Remolded Samples.
Dasha landslide is a typical bedding landslide of red beds, and the particle size decreases with increase in depth. The soil samples consisting of high proportion of gravel-sized particles were taken near the toe of landslide at a depth of 1.5 m. The soil samples were remolded and prepared with different moisture content in order to explore the relationship between soil strength of the slope and water content. The size of samples is 20 × 20 × 15 cm, and the shear rate is 1.0 mm/min. Under the consolidated and drained conditions, seven groups (each group with three samples) were tested in this series, and the moisture content of each group was determined after each test (Figures 9 and 10 ). As shown in Table 1 , the direct shear tests for the soil with less than 2 mm particle size, the strength parameters are greatly influenced by the moisture content, and with a decrease in moisture content, the angle of friction and cohesion increases. Table 2 ). It is observed that the shear strength parameters including cohesion and angle of internal friction of all three groups (A, B, and C) are in very small range, showing the reliability of the results which were later used in the simulation process.
Geotechnical In Situ Tests
The test was done on soil samples located near the toe of the landslide (fine sand and clay). The direct shear models were built on bedrock, which were perpendicular to the surface of bedrock, and specimens were pushed to shear along the bedrock. Two groups of large-sized direct shear tests (sample size of 50 × 50 × 40 cm) were carried out at this test site to compare and better understand the results of in situ tests. The predefined values of normal stress were 50 kPa, 100 kPa, 150 kPa, and 200 kPa, and there was some deviation between the measured values and the predefined values of normal stress. Therefore, for the fitting of strength parameter 7 Geofluids curves, the measured normal stress values were applied. There were six samples in the first group of tests; however, only four samples were remained effective. Four samples were used in the second group, and only three were proved to be effective. The normal stress of the tests was adjusted by manual pump control jack, and the horizontal shear force was applied through the electric pump drive jack with an average shear rate of 0.9 mm/min. The sample preparation process in the field is shown in Figure 12. 4.1. The First Group of Direct Shear Test. For the predefined 50 kPa normal stress test, the measured value of normal stress is 49 kPa and the maximum shear displacement is 56 mm. For the predefined 100 kPa normal stress test, the measured normal stress is 100 kPa, the maximum shear displacement Figure 10 : Medium-size direct shear test on remolded samples; shear stress-displacement curves and strength parameters of all seven groups. Figure 13 and Table 3 ).
The Second Group of Direct Shear Test.
During the test, it rained a lot which greatly influenced the results. There are only three effective samples in the second group of the test, and the measured values of normal stress are 98 kPa, 145 kPa, and 197 kPa. When the normal stress is 98 kPa, the maximum shear displacement is 86 mm and the average shear speed is 1.95 mm/min. When the normal stress is 145 kPa, the maximum shear displacement is 81 mm and the average shear speed is 1.75 mm/min. When the normal stress is 197 kPa, the maximum shear displacement is 83 mm and the average shear speed is 1.7 mm/min. The average shear speed of three samples is similar. When the displacement is about 40 mm, it reaches its peak, and then the value of stress keeps steady. For the normal stress values of 98, 145, and 197 kPa, the corresponding peak shear stress values are 82, 102, and 127 kPa, respectively. The results of the fitting curves are good, and the strength parameters in the form of cohesion and angle of friction are 37 kPa and 24.4°, respectively ( Figure 14 and Table 3 ).
The In Situ Permeability
Tests. Sixteen permeability tests were carried out in the Dasha landslide using the double-ring infiltration method using ASTM [21] D3385-09 ( Figure 15(b) ). During the test site preparation, the inner ring diameter of the infiltrometer was 25 cm while the outer ring diameter was 50 cm, and the height of the ring was 30 cm. During the experiment, the infiltrometer was dug into the soil at a depth of 10 cm keeping both rings concentric. Usually the bottom edge of the ring is not in well contact with the soils which lead to the leakage of water, resulting in a high permeability coefficient value. In order to reduce this error, 9 Geofluids firstly, the small trench was dug from top to bottom along the outer walls of both of the rings and then the bottom edge of the rings was sealed with bentonite, while the outer ring was filled with 10 cm thick compacted soil. The landslide has a gentle slope and is developed as farmland, so it is convenient while choosing test sites and water intake for in-site testing. Out of total sixteen permeability tests, the first four tests were carried within the area from where in situ direct shear tests were performed, while the rest of the test points were evenly distributed within the landslide body (Figure 15(a) and Table 3 ). Figures 16 and  17 , and the model is divided into 182416 nodes and 166836 elements. In numerical analysis, the fixed constraints at the bottom of the model and normal constraints around the perimeter of the model were applied. X-axis is bounded by 0 m and 880 m, Y-axis is bounded by 0 m and 900 m, and Z-axis is bounded by 200 m. The slope materials were assumed to be perfectly elastoplastic and satisfy the MohrCoulomb failure criteria. Based on the actual geological and geomorphological conditions of the Dasha landslide, the numerical model was built which include the slip zone, the landslide, and the underlying bedrock. Three material layers were built including the slip zone, the landslide, and the bedrock. In order to obtain the geotechnical parameters of Dasha landslide, the in situ tests, as well as laboratory tests, were carried out. The parameters used in numerical modeling are shown in Table 4 ; bulk modulus (K) and shear modulus (E) were converted from Young's modulus (E) and Poisson' ratio (v). The initial stress under the gravity and hydrostatic pressure were calculated under natural conditions.
Stability Analysis

Geofluids
The calculation is performed in two steps, while performing the calculations in natural condition (without considering water effect), the first step is to calculate elastic deformation and stress of bedrock, landslide body, and slip zone under the effect of gravity and as the initial state. The second step is to simulate the deformation development process by eliminating the initial elastic displacement and setting the slip zone as elastic-plastic. The slip zone was assumed as a perfect elastic-plastic constitutive model with yield criteria of Mohr-Coulomb, while the landslide body and the underlying bedrock were assumed as the linear elastic model. When considering the reservoir water level, the steady flow analysis is applied in this condition by assuming that the reservoir water level does not change and there is no raining. Analysis of transient flow is applied in other conditions. Water pressure change is measured by Abaqus software, and it can carry out coupled fluid-solid analysis in different conditions of rainfall and reservoir level and also export data of hydraulic condition and stress condition from analysis results as an initial state and finally import to the FLAC 3D landslide model for three-dimensional strength reduction analysis in the natural conditions (without considering the reservoir water level) to get the FOS of the landslide.
Three-Dimensional Strength Reduction Analysis without
Consideration of Groundwater. Every strength reduction calculation is carried out by using the test of transfixion of slip plastic zone. Under the natural conditions without considering groundwater, the maximum principal stress distribution is shown in Figure 18 and the development process of slip plastic zone is shown in Figure 19 . When the strength reduction factor (RF) reaches 1.212, it indicates that the continuous yield area has basically formed in the slip zone, with only a small range of area not reaching the yield limit, i.e., the factor of safety of the landslide is 1.212. The distribution and development of the slip plastic zone at the left side and the middle upper side enter the plastic phase earlier than the right side. The maximum principal stress of Dasha landslide within the range of the numerical simulation is about 8.0 MPa; the maximum principal stress of the slope is about 0.1 MPa. The principal stress values of the landslide range approximately from 0.4 MPa to 0.8 MPa. The maximum principal stress whose direction is nearly vertical is almost equal to the vertical stress.
Three-Dimensional Strength Reduction Analysis with
Effect of Rainfall and Reservoir Filling. This condition is after the final phase of reservoir filling, which reflects the global stability of Dasha landslide with the consideration of the groundwater, reservoir level of 380 m, and rainfall conditions. For numerical simulation under the condition of heavy rainfall, the transient flow analysis is used. Under the condition of heavy rainfall, the changes of water pressures of Dasha landslide are shown in Figure 20 . The figure shows that during heavy rainfall, the water pressures keep increasing gradually with the increase in rainfall, and the saturation line gradually increases as well. After the rain water pressure decreases, the saturation line gradually reduces to a particular reservoir level. The change of water pressures is not very significant after the rainfall. Under the condition of heavy rainfall of 94.7 mm in 2 hours, the factor of safety obtained by strength reduction method is 0.991, which does not meet the standards of safety requirements (Table 5) . 12 Geofluids
Discussion
The Dasha landslide located at the right bank of the Jinsha River in the Xiangjiaba reservoir area has been studied from various aspects using diverse field, lab, and simulation techniques to better understand the slope stability in natural conditions as well as the effects of reservoir fluctuations on the slope stability. The stability, even the movement (e.g., [22] ), of reactivated landslides has been successfully evaluated and interpreted using the assumption that shear strength mobilized on the slip surface of a landslide is equal to the residual shear strength on the basis of laboratory drained multiple reversal direct shear, or ring shear tests, independent of the time after reaching the residual condition. The landslides with a slip surface at residual condition rarely remain stationary for a long time and may move at the rate of approximately 2-50 mm/year (e.g., [22, 23] ). The stability analysis and laboratory tests cannot be expected to yield results with accuracy better than approximately ±10% [24] . Skempton [24, 25] had done the benchmark studies on residual shear strength measured by laboratory tests, and it has been successfully used for stability analyses of reactivated landslides (e.g., [26, 27] ; James 1970; [28] [29] [30] [31] [32] [33] [34] [35] ). The reversal direct shear tests or ring shear tests, using either undisturbed or reconstituted specimens, have become the most common methods for determining residual shear strength of stiff clays, shales, and mudstones (e.g., [29, 31, 36, 37] ). For direct shear tests, the best procedure is to start with precut specimens, sometimes cut from intact undisturbed samples, but more often prepared from reconstituted samples [38] .
Although each test has been discussed and explained with its results within the same section for better understanding of the readers, however, as there were numerous tests and their subgroups, so we tried to summarize the tests and compared with the previous studies as concluding section of the shear strength tests. As shown in Figure 8 , the drained undisturbed sample test results for the peak shear strength and the residual shear strength in the form of frictional angle and cohesion are 26.18°, 18.88 kPa and 21.38°, 17.95 kPa, respectively. The average moisture content of the soil samples measured from shear surface after opening of the shear box is 17.0%. In the remolded direct shear tests, it was noted that the cohesion as well as the angle of internal friction decreases in all cases with a decrease in water content which shows the reliability of the tests (Figures 9 and 10 ). Both groups of the triaxial consolidation undrained shear tests show similar results; however, they show slight variations in strength parameters from the direct shear tests which is acceptable due to difference in the rest of the methods. For the in situ tests, two shear rates of 1.3 mm/minute and 1.75 mm/minute were applied in this study and the results show that the cohesion increases with shear rate while the angle of internal friction decreases [39] .
The direct shear test results indicate that the residual strength of both in situ soils and disturbed soils from the slip zones of the Dasha landslide is influenced by their index properties, for example, the direct shear tests for the soil with less than 2 mm particle size; the strength parameters are greatly influenced by the moisture content, and with a decrease in moisture content, the values of the angle of friction and cohesion increases. However, influences of these index properties on residual strength are quite different for the in situ and disturbed soils. After the fourth cycle of shearing of the medium-sized reversal direct shear tests, the samples had basically reached the residual shear state. It was noted that the residual shear strength obtained by shear box tests has a nonzero cohesion component. Similar results were also reported by other researchers (e.g., [37, [40] [41] [42] [43] ). The simulation results show that the landslide is stable in the natural situation; however, the water fluctuation will lead to decrease the stability of the slope making it unstable.
Conclusions
The Dasha landslide was investigated in detail using field, land, and simulation methods to better understand the effects of reservoir water on the slopes along the banks of the Jinsha River in the Xiangjiaba reservoir. Based on our results and analysis, the following conclusions and recommendations can be drawn: For the safety of local residents, it is recommended that surface monitoring should be carried out so that early warning can be issued prior to failure (5) The bedding landslides of red stratum in the Xiangjiaba reservoir area (for example, Dasha landslide) are characterized by slow moving. The shear rate effect of the slip surface should be carried out using ring shear apparatus where possible. This would be useful to predict the deformation of active landslides (6) Comprehensive monitoring, including rainfall, reservoir level fluctuation, groundwater level, surface displacement, and horizontal displacements at different depths, should be conducted on active landslides so that early warning can be issued and local residents can be evacuated prior to failure. In addition, these monitoring data can be very useful for quantitative evaluation of effect of rainfall as well as the reservoir level fluctuation in landslide activation and reactivation in the reservoir areas 
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